The article presents the role of the newly built reservoir in the formation of the hydrochemistry of water of the Teesta River (a tributary of the Brahmaputra) in its Himalayan course. 
Introduction
The chemical composition of water in rivers influence the water quality and determine its suitability for agricultural, domestic and industrial uses [1] [2] [3] . Physicochemical properties of water are one of the main factors affecting the proper functioning of river ecosystems [4] . The chemical composition of natural water is derived from many different sources of solutes, including gasses and aerosols from the atmosphere, weathering and erosion of rocks/soil, solution or precipitation reactions occurring below the land surface, and anthropogenic effects resulting from human activities [5, 6] .
A very important role in the shaping of chemical composition and physicochemical parameters of the river systems also play reservoirs [6] [7] [8] [9] [10] . The chemical composition of stream water entering a reservoir usually undergoes significant chemical change during impoundment, and these changes can be observed in the outflow at the dam. The physicochemical properties of the water running out of the reservoir reflect the quality of the water entering it, the biotic and abiotic phenomena in the reservoir and operational variables such as the depth at which the outlet lies and regulation of water outflow [11] . River damming has a particular impact on the chemical composition of water, in the cases of reservoirs with longer residence times [6, 7] . According to [12] in general, small dams caused low-intensity chemical changes which recovered within 3 km, but larger dams caused larger disturbances which took up to 30 km to recover. The downstream effects of impoundments with low level outlets were more severe than water releases from the surface.
Reservoirs can improve water quality because the relatively slow water flow compared with rivers allows for the sedimentation of suspended material and the occurrence of processes such as denitrification and phosphorus diminution. The presence of reservoirs could be considered as a depuration system of the water quality [13, 14] . In light of a growing demand for energy, the government of India has decided to double the current energy production with the use of the potential of rivers by building numerous hydroelectric plants. One of the regions in which such plants are being built is the Teesta River Basin -right tributary of the Brahmaputra [15] . Building numerous dams and reservoirs within one catchment can lead to significant transformations of the natural environment, including hydrochemical changes that determine water quality. In April 2013, one of the planned projects was completed: Teesta Low Dam-III located at Kalimpong, Darjeeling, West Bengal. The total capacity of the hydropower plant is 132 MW. The main task of the project is to harness the hydropower potential of the Teesta River. The dam is 32.5 m high.
The main aim of undertaken research and analysis was to verify whether the creation of the reservoir changed the chemical composition and physicochemical parameters of water in the Teesta River in its Himalayan course (Fig. 1) . The basic problem undertaken to explain in this article is the direction, scale and scope of the impact of the reservoir on the hydrochemistry of the water in the river.
Study area
The Teesta River is the right tributary of the Brahmaputra. It is 414 km long (the catchment area is 12 159 km 2 ), about 200 km of which (8 051 km 2 ) is mountain area within the Sikkim-Darjeeling Himalaya. The Teesta River originates from a glacial lake at an elevation of 5 280 m. The eastern tributaries of the Teesta River within the mountains are shorter in course but larger in number, whereas the western tributaries are much longer with larger drainage areas, consequently contributing much more amount of water to the Teesta River. Furthermore, right-bank tributaries drain heavily glaciated areas with large snow-fields. The left bank tributaries, on the other hand, originate from semi-permanent and much smaller snow-fields as compared to right bank tributaries [16] . The main tributary of the river is the Great Rangeet which meets the river in Teesta Bazar. After it joins with the Great Rangeet, the Teesta River alters its course from south-west to south-east, and does not change its direction until it flows to the Brahmaputra in Bangladesh.
The hydrological regime of the Teesta River is complex -the river is supplied with waters from melting snow and ice, underground waters and very high rainfall, the annual sum of which reaches 4 000-6 000 mm at the margin of the Himalaya and decreases to 3 000 mm in Sikkim [17] [18] [19] [21] . From the geological point of view (which is significant for a hydrochemical analysis of surface waters), the upper Teesta River, in the Darjeeling-Sikkim Himalaya, is situated in the eastern part of the Himalayas. The eastern, northern, and western parts of the Teesta catchment are covered by Precambrian sillimanite gneisses and leucogranites belonging to the Tibetan Tethys Himalayan and Higher Himalayan zones. The central and southern portions are composed of Carboniferous-Permian metasedimentary rocks (slate, phyllite, and schist) of the Lesser Himalayan zone. The southern part of the Himalayan front consists of Mio-Pliocene mollase deposits of the Siwaliks [22, 23] .
Most of the mountainous Teesta catchment is covered by forest. This changes from moist deciduous up to 1 000 m a.s.l., through tropical evergreen forest up to 2 000 m a.s.l. and a pure Rhododendron stand between 2 500 and 2 800 m a.s.l., to temperate coniferous at elevations of 3 000-3 500 m a.s.l. The upper part of the catchments is covered by sub-alpine fir forest, which gradually changes to alpine grassland above the upper timberline at approximately 4 000 m a.s.l. [24] . The perpetual snow line is found above 5 300 m a.s.l. The southern margin of the Teesta catchment is densely populated and human impact on the environment (rice and tea cultivation) is more visible here than in the upper part of the Sikkim Himalaya [25] . The assessment of the hydromorphological state of the Teesta River showed that the river sections without noticeable human interference are characterized by sufficient habitat quality. Sections of the river with noticeable human interference i.e. river bank modifications, located mainly near bridges, are characterized by small or considerable modifications of the river habitat [26] .
Methods
Field work, which consisted in measuring physicochemical parameters of water and collecting water samples for a chemical composition analysis, were conducted in three times during post-monsoon season (at the turn of November and December) between 2013 and 2015. They were carried out in a dry. The measurements were taken between 12 and 3 pm (local time) when air temperature was the highest. Sampling and measuring points were located in five points over 43 km of the Teesta River in the Darjeeling Himalaya between the border of Sikkim and West Bengal, and the southern front of the Himalayas (Fig. 1) . Above the newly built reservoir, the measurements were taken at two points (P1 and P2). Within the reservoir, the measurements and water sampling were conducted in the centre of the reservoir (P3 at the bank). Two points were located below the dam (P4 and P5).
Water temperature, pH and conductivity were measured with the use of a pH meter and conductometer in the field. The analyses of the main ions were conducted in a laboratory with the use of an ion chromatography system (ICS 3000 by DIONEX). The concentrations of metals in the samples were determined with the use of an ICP-MS-TOP spectrometer by GBC. Before starting the analysis samples are filtered through a glass fiber (Whatman glass microfiber GF/D). Cations (Ca . Trace elements (Al, As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sr and Zn) were determined by the ICP MS TOF spectrometer (OptiMass 9500 GBC). A multi-element standard (CLMS-2AN) working solution with the elements to be analyzed at a concentration of 10 µg·dm -3 was prepared by stock solutions. All solutions were 1% v/v in nitric acid. For calibration, multi-element solutions were prepared with the following concentrations: 0 (blank), 1, 10, 50, 100 and 1000 µg·dm -3 . The values of the highest concentrations of the models used for calibration were approved as a linear limits of the signal dependence on the concentration. Bicarbonates (HCO 3 -) determined by the titration. A ionic (charge) balance error expressed as the difference between cations and anions charges divided by their sum and multiplied by 100% did not exceed 10%. Table 1 shows heavy metals concentrations, determined in the certified reference materials as ERM CA713 prepared by the Institute of Reference Materials and Measurements, Belgium using be mass spectrometer ICP-MS-TOF. Table 2 presents concentrations, determined in the certified reference materials as KEIJM-02 prepared by Environment Canada using by ion chromatography ICS 3000 DIONEX. ). The ANC delivers information on the degree of sensitivity of surface waters to acidification [27, 28] . Acid neutralizing capacity of natural waters is widely measured as a key water quality parameter in both regional water quality surveys and intensive watershed studies. ANC is generally regarded as a more suitable index of a natural water's acid-base status than pH because it is considered not to vary with transient (e.g., diurnal) changes in total inorganic carbon content [29] . These indicator have been used to evaluate the degree of acidification of rainfall, throughfall and stemflow as well as surface waters [28, [30] [31] [32] [33] [34] .
A better understanding of water heavy metal concentrations due to dam construction may give calculation of enrichment factor (EF). The concept of EF is used to evaluate the anthropogenic impact. The EF was calculated for the Teesta Reservoir using the following equation [35] :
the ratio of the concentration of the examined element (C x ) to the reference element (C b ) in the sample and reference material, respectively. In this study, Fe was used as the reference element because it mainly originates from natural lithogenic sources, its distribution is not related to other heavy metals and this element is commonly used as reference element in the assessment of EF [35, 36] . The levels of heavy metal pollution were interpreted according to [37] with EF < 1.50 as no enrichment, 1.50 < EF < 3.00 as minor enrichment, and 3.00 < EF < 5.00 as moderate enrichment.
The values of the basic parameters and physicochemical indicators as well as concentrations of individual ions presented in the paper are arithmetic mean values of the data from measurements taken in the three post monsoon periods in the years 2013-2015.
Results and discussion
The changes of physicochemical parameters in the longitudinal profile of the Teesta River
The temperature of the Teesta River above the reservoir shows a natural increase with the course of the river. At the beginning of the research section analysed, the temperature amounted to 14.9°C. It was higher by 1.4°C approximately 17 km further, at the margin of the river and reservoir's backwater (Fig. 2, Table 3 ). The impact of the newly built reservoir on water temperature is noticeable, but the range of changes caused by the reservoir is not considerable. Below the dam, the temperature of the Teesta River was lower by only 0.9°C compared to the river above the reservoir (16.3°C) and by 1.9°C compared to the water in the reservoir. A low range of changes indicates that a very weak thermal stratification has developed due to the rapid exchange of water in the reservoir. The temperature of water in the Teesta River flowing out of the Himalaya was 17.4°C, so after approximately 15 km, the differences caused by the presence of the reservoir were normalised by the thermal conditions of the environment.
The Teesta water is alkaline in nature. The water pH values range between 8.1-8.3 and show slight decrease of alkalinity on the river section above and below reservoir but in the reservoir and in water flowing out of it the values of pH were somewhat higher (Fig. 2, Table 3 ).
The ANC values demonstrated that the water in the entire section of the Teesta River and in the reservoir do not show any acidification hazard. The values of this indicator ranged on average from 1,429-1,561 µeq·dm -3 (Fig. 2, Table 3 ). ANC > 0 indicates that surface waters have a direct contact with the solid phase of soil saturated with bases, and the content of aluminium and iron ions is low. This proves that these waters show no acidification hazard irrespective of "land development". There is no risk of a reduction in the number of living organisms or water acidification. According to [30] , a decrease in the ANC value may contribute to a reduction in the number of living organisms in the water. Sullivan et al. [33] report that the ANC value ranged from 60 to 102 µeq·dm -3 in granitic watersheds, and from 126 to 258 µeq·dm -3 in basaltic watersheds. The total dissolved solids (TDS) show decrease of values from 88.66 mg·dm -3 in Sikkim to 80.44 mg·dm -3 in water below connection with Rangeet and then slight increase of mineralization in reservoir as well as water flowing out of it to the level 84.97-85.95 mg·dm -3 which remain to the outlet of the river from the Himalayas (Fig. 2, Table 3 ). . The average bicarbonate and sulphate concentrations account for 82% and 13% of the total anions in equivalent units respectively. Chloride constitutes about 3%, while nitrate, phosphate and fluoride together account for only 2% of the total anions.
The analysis of the anions change in the longitudinal profile of the Teesta River (Fig. 1, Table 3 3 − concentration decrease from 54.8 to 50.0 mg·dm -3 between upper studied section and below the mouth of the Great Rangeet. In the water flowing out of the reservoir, the concentration increase to 54.6 mg·dm -3 and again little falls to 53.0 mg·dm -3 at the end of the section examined where the river exits the Himalayas. The high concentration of HCO 3 − is an indication of intense chemical weathering occurring in the drainage basin. Above the reservoir, a decrease in the SO 4 2-concentration was noted: from 7.6 to 6.4 mg·dm -3 below the mouth of the Rangeet. In the water flowing out of the reservoir, the concentration increased to 7.1 mg·dm -3 , and a similar SO 4 2-level was also found at the end of the section examined where the river exits the Himalayas. The concentrations of SO 4 2-in the Teesta river presented in the study correlate with the content of Ca + (r = 0.91). This indicates its mainly natural origin from weathering of the pyritiferous slates [38] . Minor SO 4 2-of anthropogenic origin (sewage) can contribute small triburaries from densely populated watersheds around reservoir.
The content of Cl -in the river above the reservoir was 1.6-1.7 mg·dm -3
. In the reservoir and in the water flowing out of it, the level decreased to 1.1-1.2 mg·dm -3 . At the outlet of the Teesta River from the Himalayas, the concentrations were similar to those observed above the reservoir. Very low Cl -concentration indicates its natural origin from atmospheric deposition of oceanic aerosols and with the weathering of igneous and some sedimentary rocks. Since chloride ions do not significantly enter into oxidation or reduction reactions their decreasing concentration in the reservoir is largely effect of physical processes.
The F -concentrations were low and ranged between 0.2-0.3 mg·dm -3 along the entire section examined. Since there is no metal-and chemical-based manufacturing in the Teesta basin, fluoride in the river water was mainly contributed from runoff from the agriculture area.
The concentration of NO 3 -in the reservoir and in the water flowing out of it (0.7-0.8 mg·dm ) was lower than in the water above the reservoir (1.0-1.2 mg·dm -3 ). A substantial reduction in the inorganic nitrate concentrations in the reservoir indicates its denitrification mainly in biological processes.
The major cations for all sampling sites generally follow decreasing order as Ca 2+ > Na + > Mg 2+ > K + > NH 4 + . Calcium and sodium accounts for 62 and 22% of the total cations in equivalent units respectively. Magnesium, potassium and ammonium are less predominant ions and together they account for only 16% of the total cations.
The analysis of the cations change in the longitudinal profile of the Teesta River (Fig.  1, Table 3 ) revealed that the newly built reservoir contributes to the decreasing of Na Reservoir's impact on the water chemistry of the Teesta River mountain course (Darjeeling Himalaya) 81
The highest Ca 2+ concentration in the Teesta River was observed at the beginning of the research section (14.6 mg·dm -3 ) and it decreased markedly at the margin of the river and reservoir's backwater below the mouth of the Great Rangeet to 12.1 mg·dm -3 . The Ca 2+ concentration increased to 13.4 mg·dm -3 in the reservoir and to 13.9 mg·dm -3 in the outlet. The Ca 2+ concentration is attributed to weathering of carbonate and silicate minerals in the study area. The studies of [39] [40] [41] also indicate a high share of Ca 2+ in the chemical composition of water in the rivers and reservoirs of the Brahmaputra basin and of the neighbouring areas.
NH 4 + was found in small amounts in all samples collected from the Teesta River. They, however, tended to increase along the longitudinal profile of the Teesta section examined from 0.12 to 0.18 mg·dm -3 . Increase of NH 4 + along with earlier described decrease of NO 3 -concentration, indicated reduction of nitrate to ammonia. However total ammonia concentrations do not exceed typical level for river water of 0.2 mg·dm . In the reservoir and in the water flowing out of it, the level decreased to 1.3 mg·dm -3 . At the outlet of the Teesta River from the Himalayas, the concentrations were similar to those observed above the reservoir. Potassium in Teesta river waters comes predominantly from weathering of silicate minerals both in metamorphic and sedimentary rocks. This suggest it is higher content above and below reservoir. In the reservoir potassium is readily taken by aquatic life and its content decrease.
The lowest concentration of Na + was observed in the water flowing out of reservoir (5.1 mg·dm -3 ). At the end of the section tested, the concentration of these ions increased (5.6 mg·dm -3 ) near to the level noted in the river above the reservoir. The main source of sodium in the Teesta was weathering of silicate minerals. Rainwater also can contribute little amounts of Na + through its deposition on soil surface especially in the southern part of catchment with high rainfall. ) was observed in the remaining section of the river. The concentration of Mg 2+ is generally low and its slightly changes along Teesta are mainly related to weathering of rocks containing ferromagnesium minerals and from some carbonate rocks.
The chemical composition of Teesta water is also explained by plotting the major cations and anions in the Pipper diagram (Fig. 3) [42] . The diagram shows Ca 2+ is dominant cation, and bicarbonate is the dominant anion explaining the water to be Ca-HCO 3 type. The water types between the upstream and downstream segments of Teesta as well as in the reservoir do not show distinctiveness in the Piper diagram. This suggests that chemical weathering of rocks and groundwater discharge are the most important mechanisms influencing the hydrochemistry in the Teesta. Similar conclusions were proved for Brahmaputra by Handique et al. [43] .
The Gibbs plot (Fig. 4) , [44] placing the Teesta samples in the region of rock dominance and to some extent by precipitation is consistent with the above observations and analysis for Brahmaputra basin [38] . The lithology in the basin consists of mostly biotite gneisses, granite gneisses, slates, schists, phyllites, sandstones and carbonacerous shales. Hence, the major sources of Ca should be the Ca-rich rocks. Even in silicate dominated terrains, most river water chemistry are found to be carbonic. This is due to the Ca-enriched soils and evaporites in addition to the Ca-derived from the silicate rock weathering.
Heavy metals
The mean values of metal concentrations along the Teesta can be arranged in order as Fe > Al > Sr > Zn > Ni > Cu > Cr > Mn > Co (Table 4 , Fig. 5 ). The predominant Fe, Al and Sr constituted approximately 88, 7 and 4% of the total concentration of heavy metals respectively. The Pb, and Cd concentration values were below the detection limit at all sites.
However the concentration of individual heavy metals and its changes along the longitudinal profile of the river are highly diversified (Fig. 1, Table 4 ). Fe ions showed a decreased trend in their concentrations: from 240 µg·dm -3 at the beginning of the research section to 192 µg·dm -3 below the mouth of the Rangeet. In the reservoir and in the water flowing out of it, the concentrations increased to 220-221 µg·dm -3 and similar level was observed at the end of the section analysed. The amount of Al ions decreased markedly at the margin of the river and reservoir's backwater below the mouth of the Rangeet (12.2 µg·dm -3 ). Then, it increased in the water flowing out from the reservoir (23.7 µg·dm -3 ) to the level observed above the Rangeet. Sr ions showed slightly different dynamics. A high concentration of Sr in the water of Himalayan rivers is a result of carbonate and silicate weathering [45] . Above the reservoir, the Sr amount increased with the course of the river from 11.0 to 17.3 µg·dm -3 . Although its concentration decreased in the reservoir (13.8 µg·dm ). The pattern of Ni, Zn, Cu, Cr and Mn in the longitudinal profile of the river was similar. By contrast with Fe, Al and Sr, these ions were found in the Teesta River in only trace amounts. As for Ni, the concentration of its ions decreased from 1.5 to 1.2 µg·dm ). A decrease in the concentration in the river above the reservoir was also observed for Mn ions (from 0.03 to 0.00 µg·dm -3 ). Subsequently, the values increased in the water flowing out of it and in the river at the exit of the Himalayas (to 0.04-0.05 µg·dm -3 ). The amounts of Co and Cr were similar in all samples collected and amounted to 0.02-0.03 µg·dm -3 and 0.5-0.7 µg·dm -3 , respectively. A normalized enrichment factor for metal concentrations above uncontaminated background levels [35] was calculated for the Teesta Reservoir. The water heavy metal values above the reservoir (P2) were taken as the reference values to calculate the enrichment factors for the reservoir center (P3) and below the dam (P4).
The enrichment (EF) of different metals at the reservoir center (P3) was ordered as Cu Ni > Zn > Cr > Co > Sr and the enrichment of different metals below the dam (P4) was ordered as Cu > Ni > Co > Cr > Zn > Sr. The largest EF value at both sites was for Cu with an EF value of 2.75 (minor enrichment) and 2.32 (minor enrichment) at the reservoir center (P3) and below the dam (P4), respectively (Fig. 6 ). This indicated that Cu was the most enriched element in the water tested. Lower enrichment indicate EF values for Ni: 1.84 and 1.52 for sites P3 and P4 respectively. Other heavy metals with EF values close to 1.00 at both the reservoir center and below dam belong to the non-enriched group of elements in the study area. This indicated that their sources might be upstream of the reservoir without any additional inputs or that they were insignificantly affected by tributary discharges. The lower EF values below the dam also reflected the water self-purification processes for heavy metals by the reservoir. 
Conclusions
The analysis of the basic physicochemical properties and chemical composition of the water in the Teesta River in the post-monsoon period, the aim of which was to determine the role of the newly built reservoir in the shaping of the hydrochemical profile of the Himalayan part of the river, enables the following conclusions to be drawn: 1. The Teesta is alkaline in nature. Bicarbonate and SO 4 2-are the dominant anions and Ca 2+ and Mg 2+ are the dominant cations. Rock weathering is the most important mechanism controlling the water chemistry. The quality of the water tested meets the World Health Organization [46] environmental standards. However, an increase in the concentrations of potentially dangerous metals in the reservoir and water flowing out of it indicates that further monitoring of the Teesta River is necessary.
The results of the study are relevant in light of the construction several reservoirs in the Teesta catchment in the near future, including one located only a dozen kilometres below the reservoir analysed in this study. Further investigations are necessary to determine the direction and scale of hydrochemical changes in the Teesta River caused by a cascade of reservoirs.
